The Ediacaran Period (635-541 Ma) was a time of dramatic environmental and ecological change. Sulfur isotopic records preserved in marine strata provide insights into these changes. Previous work using d 34 S in pyrite and carbonate-associated sulfate in the Ediacaran-aged Huqf Supergroup (Sultanate of Oman) suggested increases in marine sulfate concentrations, changing microbial pathways and redox conditions, and a long-term increase in d 
INTRODUCTION
Earth's surface environments, its biology, and its ecology underwent a series of dramatic changes during the transition from the late Ediacaran to the early Cambrian periods. The Ediacaran biota, large architecturally complex organisms, disappeared and were succeeded by the radiation of metazoan phyla of the Cambrian Explosion (Narbonne, 2005; Laflamme et al., 2013) . The biological innovations brought by these organisms had a significant impact on the global carbon cycle, the history of which is recorded by carbonate minerals and organic matter in sedimentary rocks at this time (Bartley and Kah, 2004; Maloof et al., 2010) . The evolution of the sulfur cycle at this time provides information about linkages between biological evolution, ecosystem construction and the Earth's environmental change (Fike et al., 2006; McFadden et al., 2008; Johnston et al., 2012 Johnston et al., , 2013 Xiao et al., 2012; Li et al., 2013; Loyd et al., 2013) .
A number of scientific questions have been raised by studies of the Ediacaran sulfur cycle that are linked to isotopic measurements of sulfide and sulfate. These include questions about the levels of sulfate in oceans basins, the evolution of sulfide oxidation in the sediments, the role of bioturbation as an agent of sulfur cycling, and whether the isotopic records of sulfide and sulfate from different basins preserve signatures of the global ocean, or instead, regional signals. Evaluating the connections between sulfur isotope fractionation, sulfate concentrations, and sulfide reoxidation is considered a key step for better understanding the evolution of the Ediacaran sulfur cycle and its relationship to the carbon cycle.
The late Neoproterozoic deep oceans, immediately before and extending into the Ediacaran, became progressively more oxygenated (Fike et al., 2006; Canfield et al., 2007 Canfield et al., , 2008 Dahl et al., 2010) and may have triggered the evolution of a number of groups of benthic eukaryotic organisms McFadden et al., 2008) . Some of these organisms would have bioturbated sediments, creating conditions that may have enhanced oxidation of sedimentary sulfide and played an important role regulating oceanic sulfate levels; such changes may also have had a significant impact on the sulfur isotopic compositions of oceanic sulfate and sedimentary pyrite formed at this time ). Other factors that influenced oceanic sulfate concentrations and its sulfur isotopic compositions in the Ediacaran include possible changes in sulfate input to the oceans associated with enhanced evaporite weathering over short time-scales (Halevy et al., 2012; Wortmann and Adina Paytan, 2012) or longer-term evolution of d 34 S from continental weathering (Canfield, 2004; Fike and Grotzinger, 2008) . Such changes in sulfate concentration could leave an isotopic signature of a reservoir effect on seawater sulfate. Such changes may have also influenced the fraction of sulfur buried as pyrite, and in turn the isotopic composition of the sedimentary sulfide pool (Wortmann and Chernyavsky, 2007; Wortmann and Adina Paytan, 2012) .
Constraints on oceanic sulfate concentrations in the Ediacaran come from fluid inclusion studies in rocks from the Ara Group of the Huqf Supergroup in Oman (Horita et al., 2002; Lowenstein et al., 2003) , from sulfur isotope evidence of the Doushantuo Formation in the Nanhua Basin, South China (McFadden et al., 2008; Li et al., 2010a) , and from modeling results based on the rate of change in sulfate-sulfur isotopic compositions within carbonate strata of Sonora, Mexico and Death Valley, California (Loyd et al., 2012) . These three different types of studies have yielded different interpretations. Fluid inclusion evidence points to high concentrations of oceanic sulfate ($17 mM). Sulfur isotopic variability suggests much lower sulfate levels ($0.2 mM). Finally, simulations suggest sustained low sulfate conditions ($2.0 mM or lower).
Here, we present measurements of D
33
S (and d 34 S) of paired carbonate-associated sulfate (CAS) and sedimentary pyrite for samples previously studied from the Huqf Supergroup in the Oman basin (Fike et al., 2006; Fike and Grotzinger, 2008) . This prior work suggested progressive change in the Ediacaran sulfur cycle, but was unable to distinguish between a cause related to a geo-biological response to changing conditions such as higher sulfate concentrations or a cause tied to influx of 34 S-enriched sulfate to the oceans. First, an increase in D
34
S CAS-PY from $10& to 30& from $635 Ma to $580 Ma suggested an increase in sulfate concentrations (Fike et al., 2006) . Secondly, a further increase in D 34 S CAS-PY to 53& around 548 Ma was interpreted as possible evidence of the oxidative sulfur cycle and sulfur disproportionation (Fike et al., 2006) . However, interpretations of D 34 S CAS-PY are non-unique and many other factors (e.g., sulfate concentration, sulfate reduction rate, organic carbon availability) may have also been a factor in these trends. Finally, a substantial increase in d 34 S from both sulfate and pyrite was observed moving into strata of the Ara Group ($547-540 Ma) (Fike and Grotzinger, 2008) . Mass balance arguments suggested this was the result of an increase in pyrite burial against a backdrop of elevated d 34 S delivery to the oceans (Fike and Grotzinger, 2008) , but d 34 S data alone were insufficient to estimate the relative impact of these two contributions.
Here we present new paired d 34 S and D 33 S data from carbonate-associated sulfate and pyrite in these strata that allow us to provide new constraints on the operation of the Ediacaran sulfur cycle. The use of D 33 S in addition to d 34 S to evaluate oceanic sulfate is a relatively recent innovation in sulfur cycle studies (c.f., Johnston et al., 2005 Johnston et al., , 2007 Johnston et al., , 2008a Ono et al., 2006; Wu et al., 2010) and has the potential to provide additional ways to constrain the role of different sulfur metabolisms as well as to constrain sulfur fluxes through geologic time (Li et al., 2010b; Leavitt et al., 2013) .
The measurements described for the Huqf Supergroup are used to gain new insights into the evolution of the Ediacaran marine sulfur cycle and the factors that influence the concentrations of seawater sulfate at this time. We evaluate hypotheses about changing oceanic sulfate concentrations and argue that connections between sulfur isotope fractionations, sulfate concentrations, and sulfide reoxidation revealed by the rare sulfur isotopes are generally consistent with existing models, with a few subtle differences. Specifically, it appears that the sulfur in the Oman basin at the end of the Ediacaran during the deposition of the Ara Group was fed by a 34 S-enriched sulfate source. We propose that such a source may originate either as a result of enhanced evaporite weathering on a global scale, or as a result of a restriction-related process with the oceanic sulfate pool as the source of basin sulfate.
GEOLOGICAL CONTEXT
Studies of the Huqf Supergroup of Oman have informed understanding of the evolution of the Ediacaran sulfur cycle by providing evidence for high oceanic sulfate levels Ediacaran (15.5-25.0 mM), as estimated from halite fluid inclusions within evaporites of the Ara Group (Lowenstein et al., 2003; Brennan et al., 2004) . The Huqf Supergroup is a thick sequence of strata consisting of the Abu Mahara, Nafun and Ara groups, with several recognized unconformities in the succession (Mattes and Conway-Morris, 1990; McCarron, 2000) . The oldest part of the Huqf Supergroup, the Abu Mahara Group, overlies $800 Ma crystalline basement and contains glacial deposits of Marinoan age ($635 Ma, Bowring et al., 2007) . The Nafun Group overlies the Abu Mahara Group and was deposited during the Ediacaran (ca. 635-547 Ma; Bowring et al., 2007) . The Nafun Group was deposited in a shallow marine environment and outcrops can be traced laterally over a distance of several hundred kilometers (Mattes and Conway-Morris, 1990; McCarron, 2000; Grotzinger et al., 2002; Le Guerroue et al., 2006) . The strata of the Nafun Group consist of two clastic-to-carbonate shallowing-upward cycles: the older cycle is comprised of the Masirah Bay and Khufai formations; the younger cycle, the Shuram and Buah formations.
A negative excursion in d 13 C carb, reaching a minimum of about À12&, is found in the Shuram Formation, Oman (Burns and Matter, 1993) , as well as in several other Ediacaran successions, including the Johnnie Formation, Western United States (Kaufman et al., 2007) ; the Doushantuo Formation, South China (McFadden et al., 2008) ; and the Wonoka Formation, Australia (Calver, 2000) . This extreme shift in d 13 C carb , known as the Shuram excursion, is thought to be a global event which is possibly attributable to oxidation of organic matter in the deep ocean (Fike et al., 2006; Grotzinger et al., 2011) . The Shuram excursion begins at the transition between the Khufai and basal Shuram formations and extends through the mid-Buah Formation. The onset of the Shuram excursion is thought to post-date the interval of Gaskiers glaciation ($580 Ma) (McCarron, 2000; Bowring et al., 2002 Bowring et al., , 2007 .
The Ara Group overlies the Nafun Group and was deposited between $547 Ma and 540 Ma (Bowring et al., 2007) in a subsiding, fault-bounded basin (South Oman Salt Basin, SOSB) (Mattes and Conway-Morris, 1990; Schrö der et al., 2003 Schrö der et al., , 2005 . In the basin, the Ara Group consists of a series of seven carbonate shallowing upwards cycles (A0-A6) with evaporites discontinuously present in the upper six, indicating recurring basin restriction. In the eastern flank of the SOSB, the Ara Group does not preserve evaporites and these carbonates may have been deposited in connection with the open ocean Fike, 2007; Fike and Grotzinger, 2008) . The thickness of the Ara Group (A0-A6) is approximately 200-300 m in the eastern flank of the SOSB, but is more variable and can be well over 1 km in the SOSB interior.
The Ara Group in the eastern flank shares an unconformable contact with the underlying Buah Formation. The age of the upper Buah Formation is believed to be $548 Ma based on d 13 C carb correlation to Namibia (Grotzinger et al., 1995) . Another constraint for the basal Ara Group (A0 carbonate unit) is provided by an ash horizon that has been determined to be 546.72 ± 0.21 Ma (Bowring et al., 2007) . These ages suggest the unconformity at the Buah-Ara boundary is less than 1 Myr in duration. Within the Ara Group, A4 carbonates can be readily correlated between the basin (SOSB) and the eastern flank based on the presence of a bedded ash horizon, dated to 541 Ma (Bowring et al., 2007) and a negative carbon isotope excursion ($7&), which marks the Ediacaran-Cambrian boundary .
RESULTS
Sulfur isotope data for carbonate-associated sulfate and pyrite are reported in appendix tables (Tables A1 and A2) . Fig. 1 presents the carbon and sulfur isotope data along the stratigraphic column in the Huqf Supergroup, which is normalized to the MQR-1 well depths. Information about samples, and also about the analytical methods used to obtain the data herein, are described in detail in the Supplementary material. Fig. 1 ±0.171; 1r) , where the value of the regression correlation coefficient is 0.994. Any differences between these two methods are thought to be due to scale compression and memory effects associated with the SO 2 -based method (Rees, 1978) . The comparison of the results based on these two methods shows that the general match is good for analyses made in the present study and those of Fike et al. (2006) and Fike and Grotzinger (2008) on the same extracts (CAS samples in the form of barite powder and chromium reducible sulfur was in form of silver sulfide). The following data analysis and interpretation is based on the sulfur isotope data measured by SF 6 method.
At the Buah-Ara boundary, a positive shift ($15&) in the d 34 S of sulfate is observed, which has been called the Ara anomaly (Fike and Grotzinger, 2008 (Fike et al., 2006) , so it is believed depositional d 34 S are preserved. But other issues remains, for instance, non CAS sulfate contamination and its effect on isotopic compositions of CAS. The CAS samples studied here were rinsed and soaked in deionized water for 24 h to remove non CAS sulfate, which were derived from post-depositional pyrite oxidation and reduced sulfur oxidation in the lab extraction procedure (Wotte et al., 2012) . Although it is difficult to quantitatively evaluate how non-sulfate influenced the final isotopic analysis due to paucity of data (e.g., the concentration of reduced sulfur in samples and oxidized rate of reduced sulfur in lab environments), the corrected d 34 S values of oceanic sulfate, if possible, would be much higher if measured d 34 S values of CAS are mixture with the sulfate derived from the oxidized pyrite, as seen from the depth profile of d 34 S of CAS that is generally higher than that of pyrite. Further, the d 34 S of CAS in carbonate units of the Ara Formation is consistent with the higher d 34 S of anhydrites that are interlayed by carbonate units, if the small sulfur isotope fractionation ($2&, Raab and Spiro, 1991) associated with the gypsum/anhydrite formation is corrected (Schrö der et al., 2004; Fike and Grotzinger, 2008) , indicating the carbonate/evaporite units were deposited in marine environments that connected with the global ocean, and the d 34 S of CAS reflect primary signals. Thus we believe that the analytical procedure is not likely to affect the data analysis and interpretation.
Grouping of data
In order to capture the first-order features of the sulfur isotopic records and to simplify the interpretation of the isotopic records for sulfate and pyrite, d
34 S and D 33 S provided in this study have been subdivided into six intervals on the basis of geological observations (lithostratigraphic transitions and unconformities observed in the strata) and coherent relationships for the sulfur isotopic compositions of sulfate and pyrite. These intervals correspond to (from oldest to youngest): (1) 
First order interpretation of sulfur isotopes
The magnitude of sulfur isotope fractionations (D 34 S CAS-PY ) between seawater sulfate and sedimentary pyrite reflects the combined effects of sulfur isotope fractionations by microbial sulfate reducers and pathways associated with sulfide oxidation and sulfur disproportionation, as well as other environmental factors such as temperature, sulfate concentration, sulfate supply and the type and abundance of reactive organic carbon. The use of sulfur by these organisms may also respond to changes in these environmental factors, with changes in sulfate reduction rate and sulfur isotope fractionation that may reflect different oceanic settings such as sulfate limitation (Canfield, 2001; Detmers et al., 2001; Habicht et al., 2002; Wing and Halevy, 2014) .
Studies have shown that the magnitude of the biological fractionation associated with microbial sulfate reduction is related to the sulfate concentrations in the growth medium (Habicht et al., 2002; Bradley et al., in revision) and cell specific sulfate reduction rate (Leavitt et al., 2013; Wing and Halevy, 2014) . Sulfate reducers have shown a capability of producing very large isotopic fractionation when sulfate concentrations are above 0.2 mM (Canfield, 2001; Habicht et al., 2002; Canfield et al., 2010) . Studies also have shown that sulfate reducers metabolizing sulfate in settings where the sulfate concentrations are low (<0.2 mM), express much smaller sulfur isotope fractionations (Habicht et al., 2002; Gomes and Hurtgen, 2013) . This arises because at low sulfate concentrations the uptake of sulfate in the sequence of metabolic steps associated with sulfate reduction is the rate limiting step, so that large fractionations are not expressed in the final metabolic product. However, more recent studies show the relationship between isotope fractionation associated with microbial sulfate reduction and environmental sulfate concentrations is more complicated. A recent study shows large fractionations at micromolar sulfate levels (Crowe et al., 2014 ) and the theoretical study by Wing and Halevy (2014) also suggests that large fractionations are possibly expressed and preserved in sedimentary or geological records at low sulfate concentrations, where slow respiration rates of microbial sulfate reducers are sustained. Fike et al. (2006) and Fike and Grotzinger (2008) S SW-PY as high as $53& seen in the interval between 3224 and 3200 m (stage 4), are very large and it has been suggested that they reflect an added role of sulfur disproportionation in a more complex model of sulfur cycling (Fike et al., 2006) . Recent studies have suggested that it is also possible that they represent a single step of microbial sulfate reduction (see Wortmann et al., 2001; Rudnicki et al., 2001; Brunner and Bernasconi, 2005; Canfield et al., 2010; Sim et al., 2011 explicitly require additional microbial processing by sulfur disproportionation, however, nor do they preclude it. Mass balance considerations may also imply that the fraction of pyrite burial at this stage was lower than in other times represented by the stratigraphy. This is consistent with the oxidized nature of these sediments (high iron-oxide content, low TOC, low pyrite abundance; Fike et al. (2006) ). The sulfur isotope fractionation (D 34 S CAS-PY ) in the overlying Ara Group (stages 5 and 6) first drops to $40& and then $30&, and has been interpreted to reflect a less important role for sulfur disproportionation (Fike and Grotzinger, 2008 (Canfield, 2004; Fike and Grotzinger, 2008) .
Evaluating sulfur isotopes using steady-state models
Many of these first order interpretations of the Huqf Supergroup have been developed using a perspective of steady-state mass balance models that assume: (1) there are three major sulfur pools (seawater sulfate, sulfate evaporite minerals, and pyrite), (2) other sulfur pools are negligible, (3) the sulfur cycle is closed in terms of exchange of sulfur between mantle and the Earth surface, and (4) the sulfur isotope compositions of influx sulfate to the oceans may change with time. From a mathematical viewpoint, modeling of oceanic sulfate at steady state yields properties (e.g., sulfur isotopic compositions) that do not change with time.
We justify use of a steady state model to constrain the sulfur cycle during deposition of Huqf Supergroup on the basis of two lines of reasoning. The first is made by comparing sampling density with estimates made on residence time for oceanic sulfate at this time ($1 Myr). The second is made through examination of the sulfur cycle in continuous records that are interpreted to reflect transient steadystate conditions. The assumption of the sulfur cycle at steady state conditions does not imply oceanic sulfate levels were constant over significant intervals of geologic time, but instead it implies that the response time of oceanic sulfatesulfur isotopes due to the perturbation of the sulfur cycle matches the residence time of oceanic sulfate-sulfur.
Using an age model that is based on the assumed age of the basal diamictite and radiometric constraints within the Huqf succession (Bowring et al., 2007) , the temporal resolution of samples analyzed here is on the order of every one to a few million years. This sample resolution is comparable to the turnover times estimated for low sulfate (<5 mM) oceans by Kah et al. (2004) and Canfield and Farquhar (2009) . Canfield and Farquhar (2009) arrive at similar order of magnitude residence times using a relationship relating the sulfate sink to evaporite formation, reoxidation and sulfate reduction rates, which depend on the reactive organic carbon flux and penetration of sulfate into the sediments. The way to deal with the sulfur cycle under steady state conditions is informative and is the first step to quantitatively understand the evolution of the sulfur cycle over geologic time. Non-steady state processes (e.g., changes in sulfate concentrations) may contribute to high order oscillations in the studied isotope signatures. A series of transient steady states can also be explored for evaluating the sulfur isotope data described herein in terms of the fraction of pyrite burial (f py ) and the fractionation between sulfate and buried pyrite (D 34 S SW-PY ) to provide insights about the evolution of the sulfur cycle at this time.
The differences in D 33 S-d 34 S space for these different stages (Tables 1 and 2, Fig. 2 ) suggest the sulfur cycle in the Oman basin evolved through a series of different states. The d 34 S PY and D 33 S PY of stages 1, 2, and 3 are consistent with the possibility of a change in fractionation between sulfate and pyrite resulting from a change in sulfate concentrations (But the isotope data of pyrite may reflect sulfate reducers responded to other environmental changes, c,f., Canfield, 2001; Detmers et al., 2001; Habicht et al., 2002; Wing and Halevy, 2014) . The relatively stable but slightly increasing d 34 S and D 33 S of sulfate through these three stages may also reflect a combination of effects related to increasing sulfate levels and increasing sulfate exchange between seawater and sediment pore waters.
To evaluate this possibility, we use a model that includes both D 33 S and d 34 S that is similar to other models presented previously (e.g., Johnston et al., 2005; Ono et al., 2006) . The model used here includes additional steps that relate to sulfide oxidation and the exchange of sulfate between seawater and pore water sulfate pools such as in Zerkle et al. (2009) . Parameters that are explored in this model include: (1) the fraction of pyrite burial (f py ), (2) the fraction of sulfide oxidation (f reox ), and (3) the fraction of sulfate exchange between seawater and pore-water (f ex ). Model results are compared with the isotopic data from the Huqf Supergroup in order to evaluate whether the model can be used to reproduce the results, and whether assumptions and the components in the model are valid. (Canfield, 2004; Fike and Grotzinger, 2008) . For instance, the f py values derived from multiple sulfur isotopes are 0.3-0.4 for stage 2 to stage 4 (Fig. 3 ) and are consistent with those values using the common steady state equation based on d 34 S alone, with an assumed d 34 S in of $10& (see Fig. 4 ). However, a minimum value of d 34 S in $25& is needed to result in similar f py values for stage 5 to stage 6 (see Fig. 4 This may imply that a local, rather than a global process is recorded by the carbonate-associated sulfate and/or pyrite in these intervals.
The shift in the sulfur isotopic composition of CAS to the sulfur isotopic compositions seen in stages 5 and 6 (Fig. 4 ) require more than a simple change in the fraction of pyrite burial and imply a change in the isotopic composition of the sulfate supply to the basin. The composition that is required (Fig. 4) , suggests either an oceanic source or a significant change in the composition of influx sulfate such as that resulting from significant enhancements in evaporate weathering. We explore below the implications of each of these possibilities with model calculations.
Model 1: Oceanic sulfate source to the Oman basin
Figs. 4 and 5 illustrates two possible scenarios that relate the isotopic compositions of sulfate in stages 5 and 6 to those seen in stages 1-4. Fig. 4 presents a steady-state analysis that assumes a 34 S/ 32 S fractionation associated with pyrite burial of $25 ± 5& for the time interval of 580-545 Ma, which is inferred to be a reasonable estimate of the long-term average fractionation for successions of this age by Wu et al. (2010) . The composition of the source sulfate to the system (global ocean or basin) should lie at a position on a mixing line that is determined by the fraction of pyrite buried (f py ).
In the first model, we explore the possibility that the sulfate source to the Oman basin for stages 5-6 is seawater sulfate from the open ocean. The possible range of compositions for the influx sulfate implied for stages 5-6 includes the compositions of inferred oceanic sulfate during stages 1-4. An origin that may require fewer changes to the sulfur cycle may therefore be a global oceanic sulfate pool that feeds a restricted basin during stages 5-6. This model may also imply that the magnitude of bidirectional water flow between the open ocean basin and the Oman basin is reduced at this time. Fike and Grotzinger (2008) argued for an enhanced pyrite sink during the Ara anomaly ($15& shift), preserved in the d 34 S record of carbonate-associated sulfate in the deep basinal facies. Fike and Grotzinger (2010) further argued for partial basin restriction associated with the transition from carbonate deposition to gypsum/anhydrite deposition within the SOSB interior. The evolution of D 33 S-d 34 S suggests a possible scenario for the Ara anomaly that is solely due to strongly positive d 34 S of influx sulfur to the oceans without associated enhanced pyrite burial (Fig. 4) , and this 1 The parameter of f py values is the proportion of influx sulfur to the oceans that is buried as pyrite-sulfur at steady states. f py can be evaluated on the basis of pyrite-CAS pairs of d 
33
S are set to be 10& and 0.008&, respectively (Wu et al., 2010) . The red dots represent the averages of oceanic sulfate for the binned strata in Table 1 
S at the time for stages 1-4 (this study), and the error bars are the standard deviation of averages to show the spread and evolution of sulfur isotopes of oceanic sulfate and pyrite. The black square is the average for paleo-Proterozoic pyrite-sulfur . The solid red line illustrates the evolutionary trend of the sulfur isotopes of input sulfate to the oceans at this time. The red shadow area represents the compositions of influx sulfur for stages 2-4, and the yellow shadow area represents the compositions of influx sulfur for stages 5 and 6. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) model carries implications that the sulfur source to the Oman basin is from seawater sulfate from the open oceans, which is different from the sulfur influx to the global oceans at this time that is derived from weathered pyrite, evaporate minerals and volcanic/hydrothermal sulfur.
Model 2: Enhanced flux from young evaporites
The composition of sulfate influx determined for stages 1-4 falls within a range of values for d 34 S and D 33 S that can be explained by a reasonable combination of typical sulfate sources (hydrothermal sources, pyrite oxidation, and weathering of evaporites), but the composition of sulfate influx for stages 5-6 has higher positive d 34 S and D 33 S. In this second model, we explore the possibility that the d 34 S-D 33 S dynamics for influx sulfate arises as a consequence of rapid cycling of younger evaporite deposits without the usual contributions from weathering of pyrite (Halevy et al., 2012; Wortmann and Adina Paytan, 2012) . The effect on D 33 S due to dissolution of evaporite minerals is explored and simulation results are presented in Fig. 5 . The calculation is initialized with present-day estimates of the pyrite sinks, which gives a short residence time compared to that typically quoted for today (10-20 m.y., Claypool et al., 1980; Walker, 1986) , and results in a relatively rapid increase of d 34 S and D 33 S (within a few million years).
The second model also predicts a significant increase in oceanic sulfate concentrations (by an order of magnitude) reaching a value which is comparable to those estimates made on the basis of [SO 4 ]/[Cl] by Lowenstein et al. (2003) from Ara Group evaporites. This model also carries the implication that dramatic rises in calcium concentrations in the oceans could impact carbonate precipitation at this time. Such implications could possibly be assessed with work on calcium isotopes in the future. If the kinetics of the sinks are not first order, the change in sulfate concentration would be different (lower or higher), but the final steady state condition would still be replicated. (from stage 1 to stage 2 and stage 3) when sulfate exchange between seawater and pore water increased. This could be consistent with the sulfur cycle recovering following the termination of Marinoan glaciation ($635 Ma) when the seawater sulfate in the Proterozoic oceans is thought to be completely drawdown (Hurtgen et al., 2006) . It also indicates that a greater proportion of sulfide processed via an oxidation pathway is involved in cycling of sulfur for stage 4, and a smaller role of sulfide oxidation for stages 5 and 6. Progressive oxidation via sulfur disproportionation may be inferred on the basis of the record of sulfur isotope fractionation (D 34 S CAS-PY , Panel D in Fig. 1 , Fike et al., 2006) . There are other interpretations for the D 34 S CAS-PY . For instance, it may reflect isotope fractionation by only microbial sulfate reduction if the fractionations are very large and the mass dependence of these fractionations approaches the equilibrium limits (see Wortmann et al., 2001; Rudnicki et al., 2001; Brunner and Bernasconi, 2005; Canfield et al., 2010; Sim et al., 2011) . To resolve this issue, the relationship between D 34 S CAS-PY -D 33 S CAS-PY can be used to provide independent evidence for sulfide reoxidation (Fig. 6) . The oxidation processes that may be important include pathways of forming sulfur intermediates and disproportionative biological and abiological pathways of forming sulfate.
Evaluating the role of oxidative sulfur cycling
Several inferences can be made from the sulfur cycle models (Figs. 3-5 ) about the evolution of the isotopic composition of oceanic sulfate. Given the age constraints that exist (Bowring et al., 2007) , the observation of a transition from one stable composition to another stable composition over a time scale of less than a few million years, implies comparable residence time ($10 6 year) of seawater sulfate. Both models, as well as the evidence for mostly low oxidative cycling (except stage 4, Fig. 6 ) imply a short residence time of seawater sulfate. Similar suggestions of a short residence time for Neoproterozoic oceanic sulfate have been made by Ries et al. (2009) .
We suggest that this short residence time is related to the absence of reoxidation associated with bioturbation (c.f., Canfield and Farquhar, 2009 ). The residence time of sulfate depends on the total sulfur sink from the oceans (u py + u evap ). The flux of pyrite burial (u py ) is approximated by the difference between the flux of sulfate reduced by bacteria and the flux of sulfide reoxidized (u SRB À u reox ). While reoxidation of sulfide must have occurred prior to reoxidation associated with bioturbation, Canfield and Farquhar (2009) have argued that bioturbation will generate a significant enhancement in reoxidation rates, resulting in higher sulfate concentrations and longer residence times. The transition from one steady state to another in the Ediacaran implies a short residence time. It might be predicted that once sulfide reoxidation played a prominent role, that the residence time would lengthen sufficiently to yield looped trajectories for d 34 S and D 33 S of oceanic sulfate.
SUMMARY
Multiple sulfur isotopes (D 33 S and d 34 S) of carbonate-associated sulfate and sedimentary pyrite from the Huqf Supergroup in Oman are presented in this study. Oceanic sulfur cycle models designed to evaluate the relationships between D 33 S and d 34 S records provide a way to test hypotheses and inferences made previously on the basis of d 34 S alone, and give additional insight into evolution of the sulfur cycle at this time (e.g., estimates of sulfur isotopes of influx sulfur to the oceans and the role of sulfide reoxidation in the sulfur cycle).
The modeled results suggest the sulfur cycle at the time sediments of middle strata of Huqf Supergroup (stages 2-4) were deposited mirrored the global cycle of that time. The stability of the sulfur isotopic records (Fig. 1) 33 S of source/influx sulfate to the Oman basin at this time can be reconciled with a 60-fold enhancement of evaporite weathering sources accompanied by a short (1-2 m.y.) response time for oceanic sulfate. It is also possible to explain it with a very different (basin-scale) model that attributes the change in composition of the influx sulfate resulting from partial restriction of the Oman basin accompanied by a significant local pyrite sink. This latter model is not supported by the observation of abundant evaporites in other parts of the Oman basin and sulfate levels by fluid inclusion analysis (Horita et al., 2002; Lowenstein et al., 2003) or by the d 34 S agreement between CAS and anhydrite (Fike and Grotzinger, 2008, 2010) . Geological and geochemical data from the Oman basin and d 34 S excursions that occurred in basins in other parts of the world at this time appear to support the hypothesis of enhanced evaporite weathering rather than the interpretation of partial closing of the Oman basin, but the magnitude and timing of these excursions in the late Ediacaran basins need to be further reconciled to reinforce this conclusion.
